A simple and efficient procedure for the synthesis of polyhydroquinolines was developed, involving a one-pot four-component Hantzsch condensation of aromatic aldehydes, 1,3-cyclohexanediones, alkyl acetoacetate and ammonium acetate in the presence of a catalytic amount of nanomagnetic-supported sulfonic acid under solvent-free conditions. The method offers several advantages including high yields, short reaction times, a simple work-up procedure and catalyst reusability for several runs. Furthermore, easy isolation of the catalyst from the reaction mixture was enabled by use of an external magnet.
Introduction
Since the beginning of this century, different sciences have seen a rapid increase due to interest in materials at the nano-scale. Nanomaterials have attracted attention because of physical, electronic and magnetic properties. The field of nanomagnetic particles is a subset of nanomaterials. The applications for these materials are very diverse such as metal ion separations, 1 enzyme immobilization, 2 magnetic resonance imaging (MRI), 3 drug delivery and catalysis. 4 In chemistry, nanomagnetic catalysts have emerged as one of the most useful heterogeneous catalysts due to their numerous applications in organic synthesis. 5 These catalysts have been studied in various significant protocols in organic chemistry because they are robust, inexpensive and readily available. Also, they can be easily prepared from their available metal salts and most importantly can be recycled for several runs without any loss of selectivity and activity. 6 In the context of green chemistry, the design and development of organic synthesis performed through multicomponent reactions (MCRs) have become a significant area of research in organic chemistry since such processes improve atom economy, efficiency and convergence. 7 Therefore, MCRs are often useful alternatives to sequential multistep synthesis. The synergistic use of nanomagnetic particles and MCRs allows efficient synthesis of diverse nitrogen-containing heterocycles. One of the most prominent methods to prepare these compounds is the Hantzsch condensation reaction providing polyhydroquinolines. The polyhydroquinoline moiety is a fertile source of biologically and pharmacologically important molecules such as vasodilator, bronchodilator, anti-atherosclerotic, hepto-protective, anti-tumor, anti-mutagenic, geroprotective, anti-diabetic agents, HIV protease inhibition and most importantly as calcium channel blockers. [8] [9] [10] [11] [12] [13] [14] [15] All mentioned cases demonstrate clearly the remarkable potential of the polyhydroquinoline derivatives as a source of valuable drugs. 16, 17 In continuation of our investigation on the use of nano-g-Fe 2 O 3 -SO 3 H as catalyst for MCRs and our interest in synthesis of heterocycles containing a nitrogen atom, 18, 19 we report an efficient and facile synthesis of hexahydroquinolines under solvent-free conditions (Scheme 1).
Experimental

General
All chemicals were purchased from Merck, Fluka or Across companies and used without any further purification. Nano-gFe 2 O 3 -SO 3 H was prepared with the reported method. 20 Melting points were recorded on electro thermal 9100 apparatus and are uncorrected. NMR spectra were recorded with a Bruker Avance spectrometer ( 1 H NMR 300, 400 MHz and 13 C NMR 75, 100 MHz) in pure deuteriated chloroform and DMSO with tetramethylsilane (TMS) as the internal standard. The IR spectra were recorded on a Perkin-Elmer model 783 spectrophotometer (Waltham, MA, USA). UV-Vis spectra were obtained as ethanol solutions (10 -5 M) on a Shimadzu UV-1650PC spectrophotometer.
General Method for the Synthesis of Polyhydroquinolines (
) A mixture of aromatic aldehyde (1 mmol), alkyl acetoacetate (1 mmol), 1,3-cyclohexanedione (1 mmol), ammonium acetate (1.1 mmol) and nano-g-Fe 2 O 3 -SO 3 H (0.031 g) was heated at 60°C. After completion of the reaction (monitored by TLC), the mixture was cooled to room temperature and triturated with hot ethanol (5 mL). In the presence of a magnetic stirrer bar, nano-g-Fe 2 O 3 -SO 3 H moved on to the stirrer bar steadily and the reaction mixture turned clear within 10 s. The catalyst was isolated by simple decantation. After evaporation of the solvent, the crude product was recrystallized from EtOH/H 2 O to give a pure product.
Spectral Data of Some Representative Compounds
Ethyl 2-Methyl- 5-oxo-4-phenyl-4,6,7,8- C-1a) , 147.1 (C-1"), 145.7 (C-1'), 143.8 (C-4'), 130.7 (C-2' and C-6'), 129.8 (C-3' and C-5'), 128.8 (C-3" and C-5"), 128.1 (C-2" and C-6"), 127.1 (C-4"), 111.0 (C-5a), 103.6 (C-3), 44.3 (O-CH2-CH3), 43.7 (C-6), 38.8 (C-4), 36 
Ethyl 4-(p-chlorophenyl)-2-methyl-5-oxo-7-phenyl-4, 6, 7, 8-tetrahydro-1H-quinoline-3-carboxylate
Results and Discussion
Hammett acidity function (H 0 ) can be used to effectively express the ability and acidity strength of an acid in organic solvents. 21 This method using 4-nitro aniline with Hammett indicators is a simple quantitative method, which can be obtained from the relative intensities of the absorption band by UV-visible spectrometer. The acidity of the solution can be calculated by using the following Hammett equation in the form of H 0 , the acidity function as given: Table 1 , which shows the acidity strength of nano-g-Fe2O3-SO3H.
First, in order to optimize the conditions, the reaction of benzaldehyde, ethyl acetoacetate, 5,5-dimethyl-1,3-cyclohexanedione and ammonium acetate was chosen as a model system under thermal conditions. The results listed in Table 2 show that nanomagnetic-supported sulfonic acid is the best catalyst affording the highest yield ( 3 H, we found that product 5a was obtained in yields ranging from 40 to 98 (Table 2 , Entries 7-11). Thus, the best amount of catalyst was 0.031 g (8 mol%) ( Table 2 , Entry 10).
In the following study of the model reaction, we examined the influence of various temperatures on the reaction rate as well as yields of products. As indicated in Table 3 , the best yield was obtained at 60 °C (Table 3 Entry 3), so we considered it as optimum temperature. Higher temperatures decreased the total yield by producing byproduct as shown by TLC (Table 3 , Entries 4, 5).
The choice of solvent was crucial. To this end, the reaction was carried out with different solvents (Table 4) . Fortunately, when the reaction was carried out in solvent-free condition, good yields and short reactions times were achieved which was consistent with context of 'sustainable chemistry', concerning green chemistry aspects; 'the best solvent is no solvent at all'. In order to show the merit of method in comparison with other reported results in the literature for similar reactions, we compared the results of nano-g-Fe 2 O 3 -SO 3 H with other catalysts used for the synthesis of polyhydroquinoline derivatives in Table 5 . This method has the following advantages: Magnetic separation can eliminate expensive centrifugation (compared to methods using nano catalysts without magnetic properties 22 ), nano-sized magnetic particles have large specific surface area so adsorption capacity is high, for this reason, the reaction rate increased leading to energy savings. In contrast to other methods, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] the products are obtained in a shorter time. These results clearly indicate that nano-g-Fe 2 O 3 -SO 3 H is an efficient, magnetic and reusable acidic catalyst, and the present method is found to be very effective for the synthesis of polyhydroquinoline derivatives.
To determine the recyclability of the catalyst, the same model reaction was again studied under optimized conditions. The results are shown in Table 6 . It is important to mention that our new conditions also provide a fast and facile work-up; after completion of the reaction, the mixture was triturated with hot ethanol. Within a few seconds, after stirring was stopped, the reaction mixture turned clear and the catalyst was deposited on the magnetic bar, which was easily removed with an external magnet, after being washed with acetone and dried in air, the nano-g-Fe 2 O 3 -SO 3 H catalyst could be used at least five times without significant loss of activity. This efficient recyclability is most probably due to bound covalently sulfonic groups (-SO 3 H) to magnetic nanoparticles. However, the slight reduction of catalytic activity of the catalyst after recycling is probably due to the blockage of active sites on the catalyst surface (Fig. 2) .
In order to evaluate the generality of our new conditions, we studied the reaction of aromatic aldehydes with electron- Table 7 . In all cases, the reactions were clean and rapid. The nature and location of substituent groups in the aromatic ring has been shown not to have much effect on the formation of the final product and afford the expected products in high yields. The methodology was extended for large-scale synthesis of polyhydroquinolines. First, the reaction was done using benzaldehyde, ethyl acetoacetate, 5,5-dimethyl-1,3-cyclohexanedione on 1 mmol scale (Table 8 , Entry 1). Then, the same reaction was expanded with different amounts of benzaldehyde such as 1 g (9.4 mmol), 5 g (47 mmol), 10 g (94 mmol) and 20 g (188 mmol) without affecting the yield of the product 5a (Table 8 , Entries 2-5). While scaling up the reaction, it was found that 8 mol% of the catalyst is sufficient to promote the reaction effectively without significantly affecting the rate of the reaction. This procedure was also applied to several other substituted benzaldehydes and the products 5b, 5d, 5e, 5j, 5l and 5m were also synthesized (Table 8 , Entries 6-23). Finally, the methodology could successfully be used for the synthesis of polyhydroquinolines on a large scale.
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Conclusion
In conclusion, we have developed a simple new catalytic method for the synthesis of polyhydroquinoline derivatives via one-pot, four-component Hantzsch condensation of 1,3-cyclohexanedione, aryl aldehydes, alkyl acetoacetate and ammonium acetate in the presence of nanomagnetic-supported sulfonic acid as an efficient, reusable, and green heterogeneous catalyst under solvent-free conditions. Our new method offers several advantages including short reaction times, the use of mild reaction conditions, avoiding the use of harmful acids and involving a simple work-up procedure. 
